Respiratory activity and the ADP/O ratio of isolated rat brain mitochondria were measured following incubation with varying concentrations of lactic acid in reaction media buffered either with bicarbonate and CO2 or with phosphate alone, at a pH of 7,1. Increasing lactic acid levels caused a progressive decrease in substrate-, phosphate-, and ADP-stimulated (State 3) respiration and ADP/O ratios. Fifteen millimolar lactic acid, pH 6.4, caused � 50% inhibition of State 3 respiration (with malate + glutamate as substrate). At lower pH values (5.3-6.1), addition of ADP caused little or no increase in O2 consumption; i.e., AT P formation ceased. Addition of lactic acid at constant pH moderately affected respiratory control ratios but did not change State 3 respiration or ADP/O ratios. Thus, the effect of lactic acid was related
to the pH change. Increasing CO2 concentrations in the reaction medium had similar effects on mitochondrial res piration, indicating that changes in extramitochondrial pH rather than in transmembrane H+ gradients deter mined the respiratory alterations. Following a 5-min in cubation of mitochondria with lactic acid, pH 6.1, there was an incomplete recovery of State 3 respiration and respiratory control ratios. It is concluded that mitochon drial respiration is inhibited by a decrease in pH which, if excessive, may lead to a permanent suppression of AT P production. These results may, at least partiy, explain the deleterious effects of enhanced lactic acidosis in brain ischemia. Key Words: Brain ischemia-Hydrogen ion concentration -Lactic acidosis-Mitochondrial damage.
during the ischemia, and the intracellular pH de creases to � 6 . 5 (Ljunggren et aI., 1974; Siesjo, 1978) . During incomplete ischemia, however, lac tate accumulation is more pronounced, owing to the continuous supply of substrate. In fed, normogly cemic animals, levels of 25-50 f.Lmol g-1 have been reported (Eklof and Siesjo, 1972; Nordstrom et aI., 1978) . During severe hypoxia, another condition with maintained substrate supply, similar degrees of lactic acidosis may be attained (Salford and Siesjo, 1974; Gardiner et aI., 1982) . With such excessive accumulation of lactic acid, intracellular pH may fall considerably below 6.0 (Siesjo, 1978) .
Some evidence exists that excessive acidosis is detrimental to recovery because it affects the re spiratory activity of mitochondria. Thus, although complete and incomplete ischemia of 30-min dura tion equally affected brain mitochondrial respira tory activity, recovery of State 3 respiration oc curred following complete but not incomplete isch emia (Mela, 1979a; Rehncrona et aI., 1979) . It has been suggested that this difference is due to the much more pronounced lactic acidosis in the latter condition (Mela, 1979b) .
Available results do not provide an unequivocal answer to this question. Thus, although respiratory activity has been shown to be sensitive to changes in pH in mitochondria isolated from heart (Chance and Conrad, 1959; Lowenstein and Chance, 1968) , liver (Mela et aI., 1972; To bin et aI., 1972; Hem ington, 1973; Mukherjee et aI., 1979; Sharyshev et aI., 1983) , kidney (Chang and Mergner, 1973; Fry et aI., 1980) , and skeletal muscle (Mitchelson and Hird, 1973) , there is no information on brain mito chondria. Furthermore, previous studies have not examined the effect of acidification by lactic acid of a medium containing the physiologically occur ring HC03 IH 2 C03 system. Finally, the reversibility of pH-induced respiratory changes has not been ex amined.
The aim of the present investigation was to study the effects of in vitro lactic acidosis on the respi ratory activity of isolated rat brain mitochondria in a reaction medium buffered either with bicarbonate and carbon dioxide or with phosphate alone. Changes in pH were also induced by variations in Peoz, and the effect of the addition of lactic acid or an increase in Peoz was examined at constant ex tramitochondrial pH.
MATERIALS AND METHODS

Animals
Male Wistar rats (300-350 g; S.P.F. strain; M0llegaard Av lslaboratorium, Copenhagen), with unlimited access to water and rat pellets prior to experiment, were used.
Materials
Bacterial proteinase (Nagarse) was purchased from En zyme Development Corporation (New York, NY, U.S.A.) and L-lactic acid from Sigma Chemical Company (St. Louis, MO, U.S.A.). All other chemicals were commer cial products of the highest available purity.
Isolation of mitochondria
Following decapitation, brain mitochondria were iso lated as described in a previous communication . Essentially, the technique is the mod ification of the method of Clark and Nicklas (1970) de scribed by Ginsberg et al. (1977) . In brief, the isolation was performed in an ice-cold mannitol-sucrose-ethylene glycol tetraacetate (EGTA) solution (pH 7.4) in the pres ence of bovine serum albumin. In addition to manual dis integration of the tissue, a bacterial proteinase was used. Before the last stage of centrifugation, the next to final mitochondrial pellet was resuspended in 12 ml of a so lution consisting of 140 mM KCI, 10 mM K-phosphate buffer, and 1 mM EGTA, pH 7.4, to remove the bulk of ficoll, mannitol, and sucrose. The final pellet was gently rehomogenized in a minimal amount of the same solution (final volume -200-250 fLI). Ten microliters of the sus pension was taken for protein analysis.
Mitochondrial respiratory activity
Respiratory activity of the mitochondria was measured polarographically in a magnetically stirred glass chamber at 23°C (Estabrook, 1967) . Twenty microliters of the mi tochondrial suspension (37-52 mg protein ml-I) was added to 0.54 ml of the reaction medium (see below).
State 4 respiration (Chance and Williams, 1955a) was initiated by the addition of either 10 fLl 0.5 M malate + 0.5 M glutamate or 10 fLl I M succinate. In the latter case, 2.0 fLl I mM rotenone was included in the reaction me dium to prevent further oxidation of malate formed from succinate. The substrates were neutralized with KOH be fore use. To initiate State 3 respiration, 3.0 or 2.0 fLl 0.1 M ADP was added to the systems respiring in the pres ence of malate + glutamate or succinate, respectively. After the consumption of ADP, respiration returned to a rate slightly higher than that before ADP addition. Re spiratory control ratio (RCR) is expressed as the ratio of State 3 to State 4 respiration. Uncoupled respiration (State 3 U) was measured as the initial rate of respiration induced by the addition of 1.0 fLl I mM carbonyl cyanide m-chlorophenylhydrazone. The ADP/O ratio was deter mined by the method of Chance and Williams (1955b; see also Estabrook, 1967) . Mitochondrial protein concentra tion was determined according to the method of Lowry et al. (1951) .
Reaction medium and incubation procedure
The reaction medium, which was saturated with 5% CO2 (and 20% 02)' consisted of 140 mM KCl, 10 mM K2HP 04, 1.0 mM EGTA, and 10 mM NaHC03, pH 7.1.
Thus, the Peo2, HC03 concentration, and pH were close to values assumed to exist in cerebral intracellular fluids . It should be emphasized, though, that the medium had a lower buffer capacity than that of these fluids (Siesj6, 1978) . To study the effect of lactic acidosis following incubation for 1 min, L-lactic acid was added in amounts giving concentrations corresponding roughly to the levels seen in different degrees of brain ischemia (see the introduction). In all experiments the osmolarity of the reaction medium was kept constant by a compensatory decrease in KCI concentration.
Since there is little reference data available on brain mitochondrial metabolism under the conditions described above, we included one experiment in each series in which NaHC03, CO2, and K2HP 04 were replaced by 10 mM K-phosphate buffer, pH 7.4. This is essentially the reac tion medium used earlier in our laboratory Hillered et aI., 1983) . It is referred to below as "standard medium." Furthermore, to evaluate the role of NaHC03 and CO2 in the present experimental system, some mitochondria were incubated with lactic acid in a CO2-free reaction medium containing as the only buffer 10 mM K-phosphate buffer, pH 7.1.
In one series of experiments, the effect of hyper-and hypocapnia was studied. To simulate hypercapnia, the reaction medium was saturated with 10 or 20% CO2 ( + 20% 02) prior to the I-min incubation with mitochon dria and the subsequent measurement of respiratory ac tivity. To obtain an alkalotic pH (7.7), the CO2 concen tration was reduced to 2% and the bicarbonate concen tration was increased to 20 mM. In some experiments, with the addition of lactic acid or an increase in CO2 tension, the pH was readjusted to 7.1 using KOH before mitochondrial respiration was studied.
To study the reversibility of changes in respiratory ac-tivity, experiments were performed in which the mito chondria were subjected to prolonged incubation (5 min) with 17 mM lactic acid (pH 6.1). The pH was then cor rected to control level (7.1) by the addition of predeter mined amounts of KOH. After a I-min recovery period, respiratory activity was measured and compared with that of control mitochondria incubated at pH 7.1 for the corresponding time period.
Statistics
Data are presented as mean values and 95% confidence limits (Tables 1-5). In the cases where a test of signifi cance was performed (using Student's unpaired t test), the p values are indicated in the text. Figure 1 illustrates changes in respiratory activity when pH was lowered to 6.7, 6.4, and 6.1 by the addition of 10, 15, and 17 mM lactic acid, respec tively. The recordings clearly demonstrate the pro gressive lowering of State 3 respiration and uncou pier-activated respiration with increasing lactic acid concentrations. Table 1 , which gives pooled data, illustrates the following. Incubation of mitochondria in a 5% CO 2bicarbonate-phosphate buffer at pH 7.1 (control) gave State 3 and 4 rates, RCR values, and ADP/O ratios similar to those measured in a phosphate buffer at pH 7.4 (Standard medium; see also Ta bles 3 and 5). With malate + glutamate as substrate, the addition of 10 mM lactic acid (pH 6.7) caused a slight decrease in State 3 respiration (p < 0.001), uncoupler-stimulated respiration (p < 0.001), and RCR (p < 0.01), but had no effect on State 4 res piration or the ADP/O ratio. When 15 and 17 mM lactic acid were added, the decrease in these vari ables became more pronounced, with some de crease also in the ADP/O ratio (p < 0.01), still without affecting State 4 respiration. The same ef fect on State 3 respiration was obtained when py ruvate (plus malate) was used as substrate (data not shown). Following the addition of 17 mM lactic acid, but with pH adjusted to control level with KOH, the respiratory rates and ADP/O ratio were not significantly different from control, whereas the RCR was slightly decreased (p < 0.05). Thus, changes caused by lactic acid addition appeared to be pH mediated.
RESULTS
Effect of lactic acidosis
With succinate as substrate ( The reason the respiratory rates in the uncoupled state were lower than the State 3 rates is not known. This phenomenon, though, has been discussed in the literature, and may be due to an uncoupler-in duced inhibition of substrate transport into the mi tochondria (Harris et al., 1967; Quagliariello and Palmieri, 1968) . Table 3 summarizes experiments in which mito chondria were exposed to 10, 15, or 20 mM lactic acid in the standard type of reaction medium (phos phate buffer). At the low buffer capacity of the sus- The RCR is the ratio of State 3 to State 4 respiration. The effect of pH normalization is also shown. State 3 U refers to uncoupler stimulated respiration. The final experiment shows the same parameters measured in the "standard medium" at pH 7.4. State 4 respiration was initiated by the addition of 9.3 mM malate + 9.3 mM glutamate. 10 initiate State 3 respiration, 510 or 340 fJ-M ADP was added. Final protein concentrations were 1.4-1.9 mg ml-I. Values are means (with 95% confidence limits) of six preparations. Other experimental details are described in Materials and Methods and Fig. I. pension, addition of 20 mM lactic acid decreased the pH to 5.3. Again, there was a progressive de crease in State 3 respiration and RCR with in creasing acidosis. There was no significant change in State 4 respiration. At pH 5.3, State 3 respiration was at the level of State 4 (RCR = 1), and the ADPi o ratio was dramatically depressed. The decrease in State 3 respiration at 15 mM lactic acid (pH 6.4) was similar with the two buffer systems used (see also Ta ble 1). With the standard medium, there were no significant differences in respiratory variables at pH values of 7.1 and 7.4.
Reversibility
The results of Table 4 demonstrate the "aging ef fect" on mitochondria incubated at room tempera ture for 5 min. However, mitochondria incubated at acid pH showed accelerated aging. Thus, when they were allowed to recover for 1 min at pH 7.1 fol lowing 5 min of incubation with 17 mM lactic acid (pH 6.1), State 3 respiration was restored to only 73% of control (p < 0.01). RCR also showed an incomplete recovery (p < 0.001), whereas ADPiO returned to control level.
Effect of hyper-and hypocapnia
Ten percent COz (pH 6.8) caused a mild depres sion of State 3 respiration, State 3 U, and RCR (p < 0.01; Table 5 ). At 20% CO2 (pH 6.6) these changes were more pronounced. In both cases ADPiO and State 4 remained unchanged, however. When the pH of the medium was maintained at 7.1, 20% CO2 still moderately depressed the same vari ables (p < 0.05 for State 3; p < 0.01 for State 3 U and RCR). A comparison with the data of Ta ble 1 indicates that, for the same change in pH, CO 2 and lactic acid affected respiratory activities equally (Fig. 2) . When pH was increased by 0.6 units by reducing Pcoz and increasing the HCO 3" concentra tion, a moderate reduction in RCR (p < 0.001) and ADPiO (p < 0.01) occurred. State 3 and State 4 respiration were not significantly different from control. The addition of 10 mM NaCl alone had no effect on the respiratory rates (data not shown).
DISCUSSION
Effects of pH variations on mitochondrial metabolism
As remarked earlier, the effects of pH changes on various mitochondrial functions have been ex tensively studied. In some of these studies, interest has been focused on the activity of mitochondrial enzymes or on substrate and ion transport (Mela et aI., 1972; Hemington, 1973; Nicholas et aI., 1974; Di Prisco, 1975; Olsen and Jalling, 1976; Simpson and Hager, 1979; Galante et aI., 1980; Simpson, 1980), whereas in others the issue of whether changes in pH modulate substrate-, phosphate-, and ADP-supported respiration has been explored (Chance and Conrad, 1959; Tobin et ai., 1972; Chang and Mergner, 1973; Mitchelson and Hird, 1973; Fry et ai., 1980) . Chance and Conrad (1959) , working with rat heart and liver mitochondria, found only small ef fects on State 4 and State 3 respiration and on ADP/ o ratios when the pH in the reaction medium was reduced to 6.0, but noted a depression of respiration at pH values exceeding 7.0. However, four subse quent studies on muscle, kidney, heart, and liver mitochondria showed that lowering of the pH below 7 reduced State 3 respiration, with little effect on State 4 respiration (Tobin et aI., 1972; Chang and Mergner, 1973; Mitchelson and Hird, 1973; Fry et al., 1980 ; see also Mela et aI., 1972) . In three of the studies, the decrease in State 3 respiration was maximal (complete loss of ADP response) when the pH was lowered to 5.5, with a drastic reduction of ADP/O ratios (Chang and Mergner, 1973; Mitch elson and Hird, 1973; Fry et aI., 1980) . In the report of Fry et al. (1980) , glutamate-supported respiration was affected to a larger extent than that supported by succinate.
Effect of lactic acidosis
In the present study-to our knowledge the first one conducted on brain mitochondria-a lowering of pH was achieved by the addition of lactic acid to a medium containing phy siological amounts of CO2 and HCO]. The experiments showed that lactic acid depressed State 3 respiration, RCR, and ADP/ o and that the depression was mainly, if not exclu sively, due to the reduced pH (Table 1) . State 4 res piration was not significantly altered. State 3 res piration was depressed to �50% of control at pH 6.4, with malate + glutamate as substrate, and ap proached State 4 respiration at pH values below 6.0. These results are not materially different from those previously reported for mitochondria from other organs (Tobin et aI., 1972; Mitchelson and Hird, 1973; Fry et aI., 1980; Sharyshev et aI., 1983) . It is of interest that the presence of CO2 and HCO] did not alter the respiratory response to added lactic acid.
Effect of hypercapnia
A decrease in pH to 6.6 by 20% CO2 in the reac tion medium inhibited State 3 respiration by � 30% (Table 5 ). This was mainly a pH effect, but not en tirely, since readjustment of the pH to 7. 1 did not completely restore State 3 respiration, the RCR, and State 3 U to control levels. Unlike lactic acid, especially at very high concentrations, CO2 did not affect the ADP/O ratios. One can speculate that this is related to the fact that CO2, being more diffusible than lactic acid, acidifies both the extra-and in tramitochondrial fluids, thus inducing less altera tion in the transmembrane H + gradient. The fact that 70% of the respiratory rate was still upheld in this situation might explain why no deterioration of brain energy state was seen in vivo in rats during severe hypercapnia (Folbergrova et aI., 1972 (Folbergrova et aI., , 1974 ,   TABLE 4 . Recovery of rat brain mitochondrial respiratory activities (nmol 02 min -I mg -I protein), respiratory control ratios (RCR) , and ADP/O ratios upon normalization of pH after prolonged incubation (5 min) with 17 mM lactic acid (pH 6.1) as well as the "aging effect" of 5-min incubation without lactic acid (control) 2.9 (2.7-3.1) None, 5-min incubation (control) 7.1 9.0 (7.7-10.3) 57.9 (46.4-69.4) 6.4 (5.9-6.9) 2.7 (2.5-2.9) 17 mM lactic acid, 5-min incubation 6.1-7.1 9.9 (9. which produced an intracellular pH of 6.6-6.7 (Siesjo et aI., 1972) .
Aspects of the mechanism of respiratory inhibition
It was reported by Mela and co-workers (1972) that uncoupler-activated ATPase of rat liver mito chondria was only 35% active at pH 6.5. To bin and co-workers (1972) found uncoupler-activated res piration with succinate in liver mitochondria inhib ited to the same degree as State 3 respiration with succinate as substrate at low pH. In the present study, uncoupler-activated respiration in brain mi- 1,2, and 5) . Therefore, ATPase inhibition-in an oligomycin-like fashion (Ernster and Lee, 1964 )-was not by itself responsible for the pH-induced respiratory inhibition in this study. This is consistent with the results reported by Shar yshev and co-workers (1983) who found that the lowering of pH in the medium inhibited several mi tochondrial respiratory enzymes. NAD-linked substrates appeared to be more sen sitive to pH than FAD-linked ones. At 6.1 there was an � 70% decrease in State 3 respiration with malate + glutamate as substrate compared with �50% with succinate. This is in agreement with the results of Fry and co-workers (1980) .
Conclusions
As stated earlier, one objective of this study was to explore whether excessive acidosis per se alters mitochondrial respiration. The results unequivo cally demonstrate that acidosis inhibits ADP-stim ulated respiration, and that ATP production is vir tually blocked at pH values of �6. We may con clude from this that acidosis is a potential threat to the viability of the tissue. Thus, if excessive aci dosis develops, or persists in the recirculation pe riod, ATP production may be inhibited even if some oxygen supply is present. The question also arises of whether acidosis can induce irreversible altera tions in mitochondrial function. The results suggest that this is so, since there was only an incomplete recovery of State 3 respiration and RCR following prolonged incubation with 17 mM lactic acid (pH 6.1). Since pathological conditions associated with excessive lactic acidosis give biochemical and mor phological evidence of irreversible damage (Rehn crona et aI., 1979 (Rehn crona et aI., , 1981 Kalimo et aI., 1981) , this may be due to the inability to restore normal mi tochondrial function following exposure to low pH.
It may also explain why mitochondria isolated fol lowing incomplete ischemia did not regain normal function (see the introduction).
Admittedly, more experimental work is needed to elucidate the role of lactic acidosis in ischemic neu ronal damage. In vivo, acidosis may act in conjunc tion with other pathological events such as the ac tivation of lysosomal enzymes, the release of ox ygen radicals, and the influx/release of Ca 2 + , none of which have been included in the experiments of this study.
